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SUMMARY
Infection of turnip protoplasts with cauliflower mosaic virus (CaMV) was investigated using an immunofluorescent technique. Up to 8o 5/o of protoplasts were infected when they were inoculated with IO #g/ml CaMV, together with /~g/ml poly-L-ornithine (PLO) in zo raM-citrate buffer, pH 5"o. Infection was first detected by fluorescent antibody staining 24 h after inoculation and the CaMV inclusion bodies were observed by electron microscopy of the cytoplasm 72 h after inoculation.
There have been many reports of infection of protoplasts with plant viruses (see Takebe, I977). Protoplast systems have proved to be very useful for the study of plant viruses because synchronous infections are obtained. Cauliflower mosaic virus (CaMV), which contains DNA as its genome, is a potentiaI vector of foreign DNA into plant cells (Szeto et al. 1977) but there is little information on CaMV multiplication in plant tissue (Fujisawa et al. I967; Favali et al. I973; Tezuka & Taniguchi, I973) . Recently, Howell & Hull (I978) reported that replication of CaMV was detected in a plant protoplast system by labelling protoplasts with 32p but not by fluorescent antibody staining. In this paper we describe the use of fluorescent antibody staining for investigating the conditions for infection of turnip protoplasts with CaMV; virus multiplication was also detected by electron microscopy.
Seeds of turnip (Brassica rapa L. cv. Perviribis) were sown in pots containing vermiculite which were placed in a greenhouse controlled at 25 _+ 5 °C under natural daylight. Plants were watered each day with I g/1 Hyponex (Copley Co., U.S.A.) solution. Cauliflower mosaic virus (CaMV), obtained from Dr H. Tochihara (Institute for Plant Virus Research, Tsukuba, Japan), was purified using the procedure of Hull et al. (I976) , slightly modified in that infected leaves (t kg), harvested 3 to 4 weeks after inoculation, were frozen with dry ice, crushed using a mortar and pestle, thawed with 5o0 ml of o'5 M-phosphate buffer, pH 7"2, at room temperature and homogenized in a Waring blender at 4 °C for Io min. Virus concentration was determined spectrophotometrically using an absorbance at 260 nm (A~;~) of 7"o for a o.1% solution (Hull et al. I976) . The preparation of protoplasts from fully expanded leaves of 6 to 7-week-old turnip cv. Perviribis plants were prepared according to Furusawa & Okuno (1978) . For standard inoculations, protoplasts suspended in 5 ml of o'5 M-mannitol solution (I x io 5 protoplasts/ml) were mixed with an equal vol. of cold 4o raM-citrate buffer, pH 5"o, containing 2o/~g/ml CaMV, 2/~g/ml poly-L-ornithine (PLO; tool. wt. I22OOO, Sigma Co., St. Louis, Mo., U.S.A.) and o'5 M-mannitol, which had been incubated at o °C for IO rain; the mixture was incubated at o °C for J5 min. Inoculated protoplasts were collected by centrifugation, washed three times with o'7 M-mannitol solution containing 2 mM-CaC12 and then incubated as described by Howell & Hull 0978) . The preparation of antibody to CaMV and the conjugation of fluorescein isothiocyanate were as reported by Otsuki & Takebe (I969). Protoplasts were stained with fluorescent antibody as described by Okuno et al. (t977) , except that they were fixed with acetone for 20 rain instead of ethanol for 5 rain. For the electron microscopic observation, uninoculated and CaMV-inoculated protoplasts were harvested 48 and 72 h after inoculation and fixed wilb. 0"05 M-phosphate buffer, pH 6-8, containing 5% glutaraldehyde and 0"7 M-mannitol at o °C overnight. After a wash with water, protoplasts were treated with 1% OsO4 solution at o °C overnight and then washed again with water. Samples were dehydrated by passing through a concentration series of ethanol, and were embedded in a Spurr low viscosity embedding media (Polyscience Co., Warrington, Pa., U.S.A.). Ultrathin sections were cut and examined by electron microscopy (JEOL 7A).
To determine whether the immunofluorescent technique could be used for the detection of CaMV in protoplasts, we tried to stain protoplasts isolated from uninoculated and CaMV inoculated leaves. In protoplasts isolated at Io days after inoculation small fluorescent specks were observed onIy in small sized protoplasts, which seemed to be from fibro-vascular bundle cells. The fluorescent materials appeared to aggregate because most of the proto- (Fig. I a) . At this stage of infection fluorescent material was also observed in parenchyma cell protoplasts. The aggregated fluorescent material (Fig. 16l) was similar in size to inclusion bodies stained with 1% phloxin (Fujisawa et al. I967) in turnip leaves infected with CaMV.
Thus CaMV could be detected in protoplasts using fluorescent antibody. When protoplasts were inoculated with CaMV and stained with fluorescent antibody, small fluorescent specks scattered in the protoplasts were observed at 24 h after inoculation; some of the specks appeared to have increased in size by 72 h after inoculation. At 96 h after inoculation most of the protoplasts contained a few large fluorescent masses, the specks having decreased in number (Fig. Ib) . No fluorescence could be detected when mock-inoculated protoplasts or protoplasts isolated from uninoculated leaves were stained with fluorescent antibody (Fig. I c) .
Infection of turnip protoplasts with CaMV was affected by the pH and composition of the buffer in the inoculation medium (Table I) . Infection was more efficient in citrate buffer than in phosphate buffer. Infection increased with decreasing pH of citrate buffer from 6 to 5 and with increasing pH of phosphate buffer from 5 to 6. No infection occurred when PLO was absent. At a fixed virus concentration (3 #g/ml), infection increased with increasing PLO concentration from oq to 2/~g/ml but above 2 #g/ml PLO caused some damage to protoplasts. Infection increased with virus concentration over the range of I to 1o/zg/ml. Pre-incubation of virus with PLO was necessary for infection of turnip protoplasts with CaMV. Pre-incubation and inoculation were carried out at o °C because protoplasts were Short communications unstable at room temperature and below pH 5"0 in citrate buffer (data not shown). In the standard inoculation medium (2o raM-citrate buffer, pH 5"o, containing io/~g/ml CaMV, i t~g/ml PLO and o'5 M-mannitol), up to 8o % of protoplasts were infected (Table 1) . In our experiments, only 6% of protoplasts were infected with CaMV under the conditions described by Howell & Hull (1978) . It seems likely that the strains of CaMV used in this work and in that of Howell & Hull were different.
The time course of CaMV multiplication in turnip protoplasts was investigated by fluorescent antibody staining at various intervals after inoculation. No virus antigen was detected earlier than 24 h after inoculation. The number ofprotoplasts containing fluorescent materials increased rapidly between 24 and 48 h p.i. and reached a plateau at 60 h p.i. Inclusion bodies of CaMV surrounded by polysomes were observed by electron microscopy in the cytoplasm ofprotoplasts incubated for 72 h after inoculation (Fig. I d) . Although protoplasts incubated for 48 h after inoculation could be stained with fluorescent antibody to CaMV and showed small fluorescent specks, we failed to detect virus-like particles in the cells at this stage of infection by electron microscopy. It would be difficult to detect small spherical particles under an electron microscope if they were scattered randomly in the cytoplasm.
Efficient and synchronous infection of plant cells with virus is essential for the study of virus replication ; the fluorescent antibody technique is one of the best methods of assaying infection. Day & Venables (I961) used this technique to investigate the distribution of CaMV in the tissue of infected turnip leaves. However, Howell & Hull 0978) reported that it was difficult to detect CaMV in protoplasts by the immunofluorescent technique because CaMV multiplication was very low and the virus particles were bound to inclusion bodies. As is shown in Fig. r (a) , CaMV-specific antigen was observed in protoplasts isolated from infected leaves and in those inoculated in vitro with CaMV by fluorescent antibody staining.
These results indicate that turnip protoplasts were efficiently infected with CaMV using the optimal conditions described in this paper and that the virus antigen increase in cells could be detected by immuno-assay. In the CaMV-protoplast system, aggregated fluorescent materials, however, were smaller than those in protoplasts isolated from infected leaves (Fig. I a, b) indicating that the ability to support production of virus particles may be limited in free cells. The distribution of fluorescence most likely reflected that of inclusion bodies and the detection of inclusion bodies was further evidence of virus rnultiplication. 
